Target-activatable fluorogenic probes based on gold nanoparticles (AuNPs) functionalized with selfassembled heterogeneous monolayers of dye-labeled peptides and poly(ethylene glycol) have been developed to visualize proteolytic activity in vivo. A one-step synthesis strategy that allows simple generation of surface defined AuNP probe libraries is presented as a means of tailoring and evaluating probe characteristics for maximal fluorescence enhancement after protease activation. Optimal AuNP probes targeted to trypsin and urokinase-type plasminogen activator required the incorporation of a dark quencher to achieve 5 to 8-fold signal amplification. These probes exhibited extended circulation time in vivo and high image contrast in a mouse tumor model.
Molecular imaging is an emergent discipline that has the potential to advance integrative biology, promote early detection and characterization of disease, and allow for greater ease in the evaluation of medical interventions. Current implementations of molecular imaging couple the use of existing imaging modalities with unique contrast agents, or molecular probes, designed to target select biomarkers or molecular processes. Specifically, the development of near-infrared fluorescence (NIRF) imaging probes, as essential tools in optical imaging, has enabled researchers to study the real-time dynamics of cellular and biochemical processes in vivo. NIRF probe-enhanced optical imaging demonstrates particular promise in cancer diagnosis and treatment and has been applied towards two main areas of interrogation: (1) semiquantitative assessment of biomarker expression levels, and (2) evaluation of pathwaydependent biomolecular activity. Imaging studies to determine pathologic biomarker expression levels typically employ NIRF probes consisting of near-infrared fluorescent molecules or nanoparticles conjugated to affinity ligands, such as antibodies or peptides, to achieve target-specific image contrast and visualization of tumors. [1] [2] [3] [4] [5] [6] [7] These same lesions could also be imaged and characterized by their biochemical activity signatures, such as increased proteolysis, using protease-responsive NIRF probes that generate an increased fluorescence signal upon cleavage. [8] [9] [10] One significant advantage of targeting protease activity to convert fluorescently quenched probes to a fluorescent state via proteolysis is the signal amplification capability inherent to the process. Many proteases are known to play essential roles in disease progression, and the ability to directly visualize their physiological activity provides an additional modality for understanding pathogenesis, progression, and treatment effects. However, the process of optimizing NIRF probes, specifically, their quenching efficiency, biocompatibility, targeting ability in vivo, and enzyme reaction kinetics, requires a combinatorial approach that proves cumbersome and impractical when applied to existing probe synthesis strategies. Proteaseactivatable NIRF contrast agents can take the form of single dye-labeled peptide substrates on a synthetic graft copolymer [11] [12] or other multivalent support or dual-labeled substrates with dye and quencher/acceptor molecules covalently linked to either terminus. [13] [14] The first design represents a homogeneous concentration of fluorescent substrates on a vehicle backbone and relies on self-quenching, while the second configuration implements fluorescence resonance energy transfer (FRET) between dye and quencher/acceptor molecules to suppress the preactivation fluorescence signal. These strategies require multiple covalent labeling reactions and purification steps and do not allow the ease or modularity of "swappable" components, such as changes in dye molecules.
To address the need for a simple combinatorial method of synthesizing defined NIRF probes, we report the development of fluorescence quenched peptide-based gold nanoparticle (AuNP) probes for the detection of trypsin and urokinase-type plasminogen activator (uPA) proteolytic activities. uPA has been implicated in the progression of multiple cancers, including breast and prostate, by promoting tumor cell invasion, survival, and metastasis. Trypsin was chosen as a simple model protease against which to test the fluorescence quenched AuNPs. Gold nanoparticles (20 nm diameter) were modified with a heterogeneous monolayer of fluorophore and dark quencher-labeled peptide substrates and thiolpoly(ethylene glycol) (SH-PEG; M W 1000 Da). The fluorophore and dark quencher dyes were chosen to be Quasar 670 (Q670) and BHQ-2, respectively. Peptide substrates were synthesized with a cysteine residue at the Cterminus so that the peptides could passively adsorb onto the gold nanoparticle surface via the sulfhydryl group. Once all labeled substrates and SH-PEG self assemble on the AuNP, effective fluorescence quenching is facilitated by the proximity between fluorophore and dark quencher on the nanoparticle surface as well as the AuNP itself. Figure 1 illustrates the one-step reaction method employed in synthesizing different mixed monolayer surfaces on the AuNP probes and the mode of fluorescence signal generation by target proteolysis of probe surface substrates. Stoichiometric ratios of each surface component at a molar excess over the estimated maximal mole quantity of peptide loading on the 20 nm AuNP surface were varied to generate probe surfaces of differing composition. Dye-labeled peptides and SH-PEG were combined with AuNPs in a single 500 μl reaction mixture and rotated for 16 h at room temperature. Formulation nomenclature is defined as a stoichiometric ratio X-Y-Z, where X, Y, and Z are the multipliers for Quasar 670-labeled peptide substrates, BHQ2-labeled peptide substrates, and SH-PEG, respectively, with a common base molar quantity of 3 μM (e.g., 10-2-5 refers to 30 μM Q670-peptide + 6 μM BHQ2-peptide + 15 μM SH-PEG in the reaction mixture). The selfassembled AuNP probes were purified and separated from uncomplexed peptide substrate and SH-PEG by centrifugation and multiple washes with water. AuNP probe activation by the target protease is proposed to effect a de-quenching state by cleavage-specific release of fluorescent and non-fluorescent substrates from the probe surface and subsequent separation of fluorophore and quencher.
Results and Discussion
The self-assembled AuNP probe demonstrated an absorption spectrum bearing strong similarity to that of the bare AuNP, with peak absorbance at approximately 530 nm ( Figure  2a ). Although no localized surface plasmon resonance (LSPR) band shift was observed for the surface-modified AuNP probe as compared to the bare AuNP, broadening of the absorption spectrum in the longer visible wavelengths reflected the incorporation of BHQ2-labeled and Q670-labeled peptide substrates. The absence of a LSPR band shift indicated that the adsorption of surface components had no appreciable effect on the resulting nanoparticle size, shape, or dielectric constant of the surrounding medium and did not induce AuNP aggregation. Uniform AuNP probe size distribution similar to that of bare AuNPs was observed under transmission electron microscopy (TEM) analysis, demonstrating AuNP probe diameter of ~20 nm (Figure 2b ). BHQ2-labeled peptides exhibited a broad extinction profile that extended into the near-infrared wavelengths to overlap with the predicted emission wavelength range of the Quasar 670 fluorophore. Fluorescence emission spectra (λ exc = 400 nm) were collected for unlabeled AuNPs, Q670-labeled and BHQ2-labeled peptide substrates at molar concentrations matched to those of the assembled AuNP probe surface components in water ( Figure 2c ). As predicted, the BHQ-2 molecule did not fluoresce and acted only as a strong absorber, thus termed a dark quencher. The AuNP probe demonstrated negligible fluorescence and an emission spectrum mirroring that of the unlabeled AuNP. This observation suggests that the combination of BHQ-2 and attachment to the gold surface provides sufficient fluorescence quenching for Quasar 670 emission. Fluorescence suppression is so complete that the only signal detected is attributable to the native emission properties of the unlabeled gold nanoparticle core. Several groups have demonstrated the application of gold nanoparticleinduced fluorescence quenching in biomolecular and cellular detection. [15] [16] [17] [18] [19] The primary mode of surface-confined quenching of fluorophores on AuNPs has been identified as a reduction in the radiative rate rather than energy transfer. 20 Studies have shown that strong fluorescence quenching occurs when fluorophores are confined within ~5 nm distance from the nanoparticle surface. [21] [22] The surface moieties used in assembling the AuNP probe were expected to fall well within this distance range and benefit from gold-induced quenching. However, since AuNPs are also capable of fluorescence enhancement, [23] [24] we hypothesized that the inclusion of a dark quencher on the molecular probe would further reduce the fluorescence background signal, beyond the signal suppression offered by the gold surface.
Several model approaches for evaluating AuNP probe efficacy were considered with the choice of the target protease as the most critical decision. An ideal target protease would be one that has been thoroughly characterized with respect to its biochemical identity, enzymatic activity, and substrate specificity. Specifically, proteases whose substrate preferences have been reduced to synthetic peptide sequences optimized for highly sensitive and specific cleavage reactions provide the greatest advantage in both designing the AuNP probe as well as benchmarking probe performance. Proteases that fulfill these criteria include the family of matrix metalloproteinases (MMPs), caspases, and cathepsins. We chose to assess the contributions of individual surface components to the overall AuNP probe performance by generating a library of trypsin-targeted probes. Trypsin preferentially hydrolyzes peptide bonds at the C-terminal side of arginine and lysine residues. The prevalence of these two amino acids in the proteome enables non-specific trypsin cleavage of many optimized protease substrates. Consequently, initial proof-of-concept and characterization of the AuNP probe library were performed using trypsin as a low-stringency protease target. A prostate-specific antigen (PSA) selective protease substrate, His-Ser-Ser-Lys-Leu-Gln, 25 served as the core peptide sequence for the activatable dye-labeled components on the AuNP probe surface. Q670 (or BHQ2)-(HisSer-Ser-Lys-Leu-Gln)-Cys substrates were synthesized with the dye conjugated to the Nterminus and a cysteine residue appended to the C-terminus to impart thiol functionalization to the peptide for spontaneous adsorption to AuNPs. Maximum surface peptide density on a 20 nm AuNP was estimated to be 1 peptide/nm 2 , resulting in ~1.29 nmol of peptide per pmol of AuNP. The nomenclature used herein to classify different AuNP probe formulations follows the scheme X-Y-Z, where X, Y, and Z refer to the molar fold excess over the estimated maximum surface peptide density of Q670-labeled substrate, BHQ2-labeled substrate, and SH-PEG, respectively, in the reaction mixture. Table 1 summarizes the naming convention for the most commonly used probe formulations as the molar fold excess over available AuNP surface attachment sites (the X, Y, or Z value in the aforementioned nomenclature scheme) and its conversion into the reactant concentration as well as the number of reactant molecules with which each AuNP interacts during the labeling reaction. The values for reactant species concentration in the AuNP labeling process were chosen to span a wide range of molar fold excess over available AuNP surface attachment sites. Typical synthetic peptide modification reactions, for instance, require a 5 to 10-fold excess of the label molecule to drive the process to greater than 90% completion. Consequently, AuNP probe labeling reactions were formulated with a 0 to 5-fold molar excess, or 0 to 15 μM, of each non-fluorescent surface molecule. Since the probe activation signal is directly dependent on the amount of surface bound fluorophore, the upper bound for Q670-substrate concentration in the probe assembly reaction was extended to a 50-fold molar excess, or 150 μM, to preferentially deposit more fluorophore-labeled peptides onto the AuNP surface as compared to the other two surface components. Intermediate reactant concentration values (6, 15, and 30 μM) were then chosen within these ranges to reflect the expectation that the AuNP probe assembly process would progress in a logarithmic fashion with an upper asymptote at which all probe surface sites are occupied.
An activation ratio, or fraction of total possible fluorescence, was determined by measuring the Quasar 670 fluorescence (λ exc = 644 nm; λ em = 670 nm) generated after reacting 1000 U of trypsin with 0.39 pmol of assembled AuNP probe for 30 min and comparing that value to the fluorescence of all surface moieties after being displaced from the nanoparticle surface with dithiothreitol (DTT). The highest activation ratio (36.7 ± 1.4%) was observed for the 50-2-5 AuNP probe, which corresponds to a reaction mixture containing 150 μM Q670-substrate, 6 μM BHQ2-substrate, and 15 μM SH-PEG (Figure 3a) . AuNP probes formulated with higher concentrations of Q670-substrate demonstrated a trend towards higher activation ratios, suggesting that the increased availability of Q670-substrate in the formulation mixture leads to greater availability of these same peptides on the nanoparticle surface for trypsin cleavage. Furthermore, the absence of BHQ2-substrates in the reaction mixture results in activation ratios that are much lower than the same AuNP probe formulations with BHQ2-substrates. AuNP probes assembled without BHQ2-substrate exhibited activations ratios that do not extend beyond 15%. To further explore these observations, we examined the activation ratios for the family of AuNP probes formulated with the optimal Q670-substrate concentration (150 μM) more closely for significant trends (Figure 3b ). An increase in reaction concentrations of SH-PEG, from 6 μM to 15 μM, improved the activation ratios, independently of the amount of BHQ2-substrates. This observed effect may be attributed to increased hydrophilicity of the AuNP probe surface monolayer and greater probe stability in solution. AuNP probes formulated without SH-PEG precipitated from the aqueous solution, most likely due to the increased hydrophobicity of the probe surface created by the adsorption of multiple dye molecules. In addition, the incorporation of BHQ2-substrates further enhanced the AuNP probe activation ratio, irrespectively of the level of SH-PEG reactants. Lee and coworkers have described a similar AuNP probe that utilized Cy5.5-labeled MMP-targeted substrates on the nanoparticle surface and relied on Cy5.5 self-quenching to induce a dark state in the inactivated form. 26 However, the analogous construct in our study, a BHQ2-deficient AuNP probe (50-0-5), demonstrated only 14.9 ± 2.4% recovery of fluorescence after trypsin proteolysis, which represents a greater than 50% reduction from the activation ratio observed for the optimal BHQ2-containing probe (50-2-5).
Under the experimental conditions described herein, self-quenching interactions between adjacent Quasar 670 dyes on the nanoparticle surface did not provide the lowest inactivated fluorescence signal; a dark quencher, such as BHQ-2, was necessary to further suppress the background fluorescence to produce optimal signal and image contrast. Figure 4a illustrates the general trend towards increased signal-to-background ratios in trypsin activation of BHQ2-containing probes over BHQ2-deficient probes, with the best performing nanoparticles exhibiting a greater than 12-fold signal enhancement. To examine the applicability of these observations in the context of a different protease, we constructed a separate library of uPAtargeted AuNP probes in the same manner as the trypsin-targeted probes, using a core substrate sequence of Gly-Gly-Ser-Gly-Arg-Ser-Ala-Asn-Ala-Lys. The activation fluorescence signal after reacting 0.29 pmol AuNP probe with 10 U uPA was compared to the background signal observed for 0.29 pmol AuNP probe without the addition of protease. Similar to the results reported for BHQ-2 influences in the activation of trypsin-targeted probes, uPA-specific probes containing BHQ-2 exhibited a wider dynamic range in activation signal, as illustrated by the expected near unity signal enhancement ratio observed for the 0-2-5 probe as opposed to the 0-0-5 probe, and higher signal-to-background ratios for almost all probe formulations ( Figure  4b) . However, only a few of the BHQ-2 containing AuNP probes exhibit a statistically significant improvement in the signal-to-background ratios when compared to AuNP probes formulated without BHQ-2 labeled peptides. Large variability in the signal-to-background ratios for both trypsin and uPA targeted AuNP probes may be attributed to the relatively low background fluorescence values exhibited by each probe. As the denominator in this measure of probe performance, small variations in background, or inactivated state, fluorescence result in a much larger and significantly disproportionate change in the signal-to-background ratio. In these functional assays, a relatively dilute probe solution, on the order of 1 nM per reaction, was used, resulting in low detectable background signal. We expect that the use of higher AuNP probe concentrations in the reaction would lead to a significant reduction in signal-tobackground ratio variations within the same sample set. In summary, these data suggest that the advantages of incorporating a dark quencher into the AuNP probe, namely additional background signal reduction and enhanced fluorescence recovery, rather than relying exclusively on self-quenching between near-infrared fluorophores, may be generalized to multiple protease targets. A major limitation to this approach may be that the absolute fluorescence signal observed after probe activation may not be as high as in self-quenching probes that do not incorporate a dark quencher, since both quencher and fluorophore molecules are released together from the AuNP probe surface.
Surface composition analysis of trypsin-targeted AuNP probes revealed several characteristics that correlate with probe performance and explain the effects of reaction mixture formulation on surface adsorption. Table 2 outlines the number of surface Q670-substrates and BHQ2-substrates found on purified AuNP probes. After determining the importance of BHQ-2 incorporation and increased SH-PEG reactant levels to probe performance, we investigated the effects of variable Quasar 670 reactant levels on probe surface formation. The addition of more Q670-substrate to the reaction mixture did not result in a monotonic increase in the amount of surface-adsorbed species. At an intermediate concentration of Q670-substrate, between the 20-2-5 and 30-2-5 probes, the ratio of BHQ2-containing substrates to Q670-containing substrates reverses to favor more Quasar 670 molecules on the surface. Furthermore, the total number of dye-labeled peptides on the nanoparticle surface drops between the 20-2-5 and 30-2-5 probe formulations. This phenomenon may be attributed to dimer formation between uncomplexed reactant dye-labeled peptides via their thiol groups at high concentrations in the reaction mixture, precluding their availability for AuNP surface adsorption. AuNP probes that exhibited higher signal-to-background ratios included more dye-labeled substrates on their surfaces, whereas probes demonstrating higher activation ratios, or fluorescence recovery, incorporated fewer dye-labeled substrates. In general, AuNP probes with surface compositions where the BHQ2:Q670 ratios were greater than unity exhibited lower post-activation fluorescence signals. This observation concurs with the proposed mechanism by which protease-induced probe activation releases both quencher and fluorophore labeled species from the AuNP surface. Once free from surface confinement, the balance between fluorophore and quencher concentrations dictates the resulting fluorescence signal, where a higher level of quencher as compared to fluorophore will result in signal reduction. Signal-to-background ratio optimization requires the AuNP probe to balance a low signal in the inactivated state with high activated fluorescence, which must be supported with an abundance of surface-adsorbed fluorophores. However, this abundance of fluorophores raises two issues for quantifying fluorescence recovery, namely the creation of a large total fluorescence base and increased steric hindrance to the target protease on the nanoparticle surface. In consideration of these seemingly opposing but important measures of AuNP probe performance, we chose the 50-2-5 probe as the optimal formulation based on its sufficiently high signal-to-background ratio and excellent fluorescence recovery. The 50-2-5 probe exhibited the best balance of desired functional characteristics among all of the AuNP probes under consideration. However, alternative probe formulations created by reacting an excess molar ratio of bare AuNPs to surface molecules, rather than the reverse, may be advantageous and promote increased protease cleavage by reducing nanoparticle surface density and thus, steric hindrance to probe activation. Signal-to-background ratios may be further enhanced by synthesizing a noncleavable peptide or attachment factor for the dark quencher such that only the fluorophore can be proteolytically released from the AuNP probe surface. This probe formulation would benefit from the fluorescence signal suppression offered by the dark quencher at the nanoparticle surface to generate a low background signal. Once the probe was proteolytically activated, only fluorophore molecules would be released into solution without the additional signal reduction effects of simultaneously released quencher molecules.
The determined k cat :K m for the trypsin-targeted 50-2-5 probe was 1.8 M −1 s −1 as compared to values on the order of 10 5 M −1 s −1 reported for uncomplexed peptide substrates. 27 Clearly, the attachment of dye-labeled substrates to a nanoparticle surface at high density greatly impeded proteolytic efficiency, as has been observed by others. 28 Originally designed for imaging PSA activity, these AuNP probes demonstrated such a significant reduction in enzyme reactivity and selectivity as to preclude this application. As determined by Denmeade and coworkers, 25 the k cat :K m value for the core substrate as an uncomplexed peptide reacted with PSA is 23.6 M −1 s −1 ; any further reduction in enzymatic efficiency would render the reaction nearly undetectable within a physiologic context. However, this same inefficiency in proteolysis represents a significant advantage in reducing non-specific degradation of the AuNP probe in vivo. Another potential benefit of utilizing AuNPs as vehicle and assembly platform is that their delayed clearance from the circulatory system may allow the protease-specific substrates an extended window of access to target tissues. Circulation time in vivo of the 50-2-5 AuNP probe and an equimolar amount of uncomplexed dye-labeled peptide, corresponding to the probe surface composition, was determined by intravenous injection of each species into 6-8 week old athymic nude mice via a lateral tail vein. Serum was collected from each mouse at predetermined time points to measure Quasar 670 fluorescence after DTT treatment of each sample. Rehor and coworkers have suggested that serum levels of intravenously administered nanoparticles within two minutes after injection depict a relatively unperturbed basis for estimating the initial dose. 29 The percentages of initial dose for both probe and uncomplexed peptide retained in serum were calculated by normalizing the fluorescence values at each time point with those determined for serum collected at 1 min post-injection. In the first hour, serum levels of AuNP probe remained high at greater than ~88% of initial dose (Figure 5a ). Circulating half-life for the probe was determined to be greater than 4 h. In contrast, more than 90% of the initial administered amount of uncomplexed peptide was removed from serum within the first hour. We modeled explicit circulating levels of each species at t = 0 by measuring serum fluorescence after spiking whole blood ex vivo with AuNP probe or uncomplexed peptide at the appropriate dilution corresponding to intravenous administration of 1.16 pmol of probe in a mouse with 2 mL of total blood volume. Over 99% of the uncomplexed peptide was eliminated from serum within the first minute as compared to 64% of intravenously injected AuNP probe (Figure 5b ). Using PEG-coated 30 nm diameter gold nanoparticles, Kim and coworkers have also observed significant retention of AuNPs in the circulation with no appreciable loss for at least 4 h. 30 Even greater circulation half-lives have been reported for PEG-coated gold nanorods (~17 h) 31 and ultrasmall superparamagnetic iron oxide nanoparticles (USPIO; 80 min to more than 24 h). 32 In the context of the current literature, these data indicate that peptide substrate attachment to a larger vehicle, such as the AuNP, along with PEG incorporation significantly prolongs its circulation time in vivo and support its use via intravenous injection. However, circulation retention time can be further enhanced by changes in nanoparticle shape and modifications in the PEG coating.
The utility of the AuNP probe as an imaging agent in vivo was validated using a subcutaneous tumor phantom model in athymic nude mice. The tumor phantom model is an acellular gelated polymer construct that approximates the physical dimensions and anatomic position of a tumor in live animals. Small animal fluorescence imaging of the trypsin-targeted 50-2-5 AuNP probe was performed by mixing 1.16 pmol of functionalized AuNPs or equimolar amounts of the probe components with either Matrigel or PuraMatrix and injecting the solution subcutaneously to form a gelated mass, comparable to the size and shape of a tumor. Since gold nanoparticles demonstrate strong absorption and fluorescence quenching characteristics, probe-equivalent quantities of uncomplexed dye-labeled peptides in the presence and absence of nonfunctionalized AuNPs were imaged subcutaneously to determine the degree to which AuNPs would suppress fluorescence intensity after simulated release of all surface dye components in vivo. Figure 6a is a representative fluorescence overlay image of this experiment, illustrating no significant decrease in signal intensity due to the presence of AuNPs. Trypsin-induced activation of the 50-2-5 AuNP probe was also confirmed in this tumor phantom model by exposing 1.16 pmol of probe to 250 U of trypsin (Figure 6b ). The AuNP probe exhibited no significant fluorescence signal in the absence of trypsin with levels that were comparable to those observed for bare AuNPs. These data demonstrate that the AuNP probe is not nonspecifically activated by the in vivo microenvironment nor does it degrade spontaneously but instead, generates a strong fluorescence signal in the presence of the target protease.
Conclusion
In summary, near-infrared fluorogenic AuNP probes have been characterized and optimized for protease-induced fluorescence enhancement based on functional screens of trypsin and uPA-targeted probe libraries. We described a simple one-step reaction method for producing NIRF AuNP probes with variable surface compositions of dye-labeled peptide substrates and PEG and correlated reactant concentrations with the resulting quantities of adsorbed species on the AuNP probe surface and probe performance in vitro. Several design criteria for selfassembled fluorescence quenched AuNP probes emerged from these studies. AuNP probe stability in aqueous solutions was greatly improved by inclusion of 15 μM SH-PEG in the reaction mixture (~6500 molecules of PEG per AuNP). Moreover, incremental increases in the concentration of reactant Quasar 670-labeled peptide substrate beyond 60 mM (~26,000 molecules per AuNP) resulted in a decrease in dye-labeled surface substrates, most likely attributable to dimer formation between uncomplexed reactant substrates. Our most unexpected finding was that the incorporation of a dark quencher, such as BHQ-2, provided additional background signal suppression beyond the fluorescence quenching attributes of the gold nanoparticle and neighboring Quasar 670 fluorophores. Optimized probes designed with the aforementioned criteria were found to exhibit extended circulation time in vivo, with t 1/2 > 4 h, and high image contrast in a subcutaneous tumor phantom model. Although many studies have demonstrated successful development and validation of a multitude of nanoparticle, polymer, 33 and peptide based protease-activatable NIRF probes, few have attempted to establish design guidelines or generalized principles for constructing optimal imaging agents. To the best of our knowledge, the present study is the first to report on optimization parameters important to probe performance. Future studies will build upon this knowledge and the simple synthesis method introduced in this report to tailor AuNP probes for multiplexed activation and detection as well as therapeutic delivery.
Experimental Methods

Fluorescence Quenched Gold Nanoparticle Probe Synthesis
Gold nanoparticles (Ted Pella, Redding, CA) were pelleted from the stock solution by centrifugation at 10,000 × g for 15 min. The solvent was then replaced with distilled water. HSSKLQC-Wang resin was commercially synthesized (Anaspec, San Jose, CA) and modified with Quasar 670 carboxylic acid and BHQ-2 carboxylic acid (Biosearch Technologies, Novato, CA) at the MIT Biopolymers Laboratory (Cambridge, MA) using standard Fmoc protocol. Dye-labeled uPA substrates with core peptide sequence, GGSGRSANAKC, were also synthesized and modified in the same manner at the MIT Biopolymers Laboratory. Purified Quasar 670 and BHQ-2 labeled peptides were dissolved in distilled water. Stock solution concentrations were determined using absorbance at 579 nm (ε = 38,000 M −1 cm −1 for BHQ-2) and 644 nm (ε = 187,000 M −1 cm −1 for Quasar 670). Varying stoichiometric ratios of SH-PEG (Nanocs, New York, NY), B-HSSKLQC, and Q-HSSKLQC were added to AuNPs in water to a final volume of 500 μl. The conjugation mixture was rotated end-over-end at room temperature overnight for 16 h. Functionalized AuNPs were pelleted at 10,000 × g for 15 min and washed three times with distilled water. AuNP probes were then stored in water at 4°C.
Transmission Electron Microscopy (TEM)
AuNP probes, formulated as previously described, were deposited onto Cu grids coated with carbon film in a dropwise manner. Images were then obtained using a JEOL JEM-200CX transmission electron microscope operating at 200 kV.
Trypsin Activation Assay
Functionalized AuNPs were pelleted at 10,000 × g for 15 min and solubilized in 600 μl of 2% dimethyl sulfoxide (DMSO) in water (v/v). The solution was then aliquoted (200 μl per well) into opaque 96-well plates (Whatman UNIPLATE). Freshly prepared trypsin (100 U/μl; Sigma-Aldrich, St. Louis, MO) was added at 1,000 U per well concurrent with dithiothreitol (DTT; Sigma-Aldrich, St. Louis, MO) at 10 μl per well and incubated at room temperature for 30 min. Fluorescence measurements for Q670 (λ exc/em = 644/670 nm) were made on a Spectramax Gemini M5 spectrofluorometer (Molecular Devices, Sunnyvale, CA).
uPA Activation Assay
Functionalized AuNPs were reconstituted in phosphate-buffered saline (PBS) pH 7.4 to a final nanoparticle concentration of 1.61 nM and aliquoted as 180 μl per well (0.29 pmol AuNP per well) of an opaque 96-well plate (Whatman UNIPLATE). Human urokinase purified from urine (Calbiochem/EMD Biosciences, San Diego, CA) was added to each well in triplicate at 10 U (20 μl of 0.5 U/μl in PBS pH 7.4); 20 μl of DTT was added to separate wells in triplicate for a final concentration of 100 mM per well. Fluorescence kinetic measurements were recorded on a Spectramax Gemini M5 spectrofluorometer immediately after addition of reagents. Endpoint fluorescence measurements for Q670 (λ exc/em = 644/670 nm) were made after the microplate reactions had incubated at room temperature for 16 h overnight.
AuNP probes (50-2-5) at different concentrations were aliquoted into replicate wells of an opaque 96-well Whatman plate (final concentrations in each well ranging from 773 pM to 11.6 nM). Freshly prepared trypsin was then added at 1000 U per well; fluorescence (λ exc/em = 644/670 nm) was then monitored in a spectrofluorometer. Initial release rates of surface substrate were calculated based on a standard curve generated by measuring mixtures of AuNP, BHQ2-labeled and Quasar 670-labeled substrates corresponding to the assayed AuNP probe concentration range. Enzyme kinetics curve fitting was performed using Prism 5.0 software (GraphPad Software, La Jolla, CA) based on the Michaelis-Menten model.
Statistical Analysis
Statistical calculations were performed using Microsoft Excel 2008 for Mac unless otherwise indicated. All graphical data are reported as mean ± standard deviation (s.d.) for the specified number of replicates indicated in the caption. Statistical significance was determined by twotailed Student's t test with 95% confidence for unpaired observations, in the case of circulation retention time comparisons between AuNP probe and uncomplexed peptide, or paired observations for AuNP probe formulation comparisons.
In vivo AuNP Probe Performance
All animal studies were approved by and adhered to guidelines set forth by the Children's Hospital Boston Institutional Animal Care and Use Committee.
Characterization of AuNP Probe Clearance-Total surface dye-labeled substrates on each batch of 50-2-5 AuNP probes were determined by isolating 1 mg of AuNP probe by centrifugation (10,000 × g for 15 min at room temperature). AuNP probe surface components were isolated by addition of 60 μl DTT (1 M stock concentration) followed by 240 μl doubledistilled water to the AuNP probe pellet. The reaction was allowed to incubate at room temperature for 16 h. The released surface molecules were collected by centrifuging the reaction at 10,000 × g for 15 min at room temperature. Aliquots (100 μl) of the supernatant were made into a UV-transparent 96-well plate. Absorbance readings were then made as previously described to determine dye composition. Male Nu/nu mice (Massachusetts General Hospital, Boston, MA; 6-8 weeks old) were anesthetized using Avertin (240 mg/kg) injected intraperitoneally. 50-2-5 AuNP probe or the equivalent amount of uncomplexed dye-labeled peptide in sterile water was injected intravenously via lateral tail vein (1 mg AuNP probe in 100 μl water per mouse). Mice were euthanized at the specified time points followed by immediate blood collection into BD Microtainer® serum separator tubes (BD Biosciences, Franklin Lakes, NJ). Blood samples were allowed to clot at room temperature for 20-30 min prior to centrifugation at 10,000 rpm for 2 min at room temperature. Aliquots of 100 μl mouse serum were made into each well of an opaque 96-well plate (Whatman UNIPLATE). Dye labeled substrates from AuNP probes in the serum were released from the surface by addition of 40 μl DTT to each well (~286 mM final DTT concentration in each well) and allowed to incubate at room temperature for 16 h. Fluorescence measurements for Q670 (λ exc/em = 644/670 nm at 20 reads on medium PMT settings) were made on a Spectramax Gemini M5 spectrofluorometer.
Small Animal Fluorescence Imaging of AuNP Probe Performance with Tumor
Phantom Model-Male Nu/nu mice (Massachusetts General Hospital, Boston, MA; 6-8 weeks old) were anesthetized under isoflurane. Functionalized AuNPs in sterile water were mixed with PuraMatrix™ (BD Biosciences, Franklin Lakes, NJ) and stored on ice. Immediately prior to injection, 250 U trypsin was mixed with the AuNP/PuraMatrix™ solution. 100 μl of this solution was then injected subcutaneously on each flank. Mice were then imaged using a Xenogen IVIS 200 system (Caliper Life Sciences, Hopkinton, MA) employing the Cy5.5 filter set (λ exc/em = 615-655/695-770 nm). Trypsin activation assay performed on a library of AuNP probes synthesized with different reaction concentrations of Quasar 670-labeled and BHQ2-labeled peptide substrates and SH-PEG, where "XB+YPEG" denotes X μM BHQ2-labeled peptide substrates and Y μM SH-PEG, to determine the optimal surface composition. Fluorescence activation ratios, defined as the trypsin-activated fluorescence signal with respect to the signal achieved after DTT-mediated release of AuNP probe surface molecules, for (a) a trypsin-specific library of AuNP probes, and (b) the family of AuNP probes generated using reactions containing 150 μM Quasar 670-labeled peptide substrate and varying concentrations of BHQ2-labeled peptide substrates and SH-PEG to determine component-specific contributions to protease-activated signal generation. An increase in the reaction concentration of SH-PEG resulted in an increase in the fluorescence activation ratio (*p < 0.005) independent of the BHQ2-labeled peptide substrate reaction concentration. Similarly, the addition of BHQ-2-labeled peptide substrates into the self-assembly reaction (**p < 0.02) further enhanced the fluorescence activation ratio independent of SH-PEG reactant concentrations. Trypsin probe formulation, 2-0-2, was not included in this figure, because attempts to purify the AuNP probe after labeling reactions were unsuccessful. All bars represent mean ± s.d. for n = 3. Protease activation assay performed on a library of AuNP probes synthesized with different reaction concentrations of Quasar 670-labeled and BHQ2-labeled peptide substrates, where "XB+YPEG" denotes X μM BHQ2-labeled peptide substrates and Y μM SH-PEG, to determine the optimal surface composition, as measured by the protease-induced fluorescence enhancement over non-activated AuNP probe. (a) Trypsin-activated signal-to-background (S:B) ratios demonstrated a trend towards higher contrast in BHQ2-containing probes. Trypsin probe formulation, 2-0-2, was not included in this figure, because attempts to purify the AuNP probe after labeling reactions were unsuccessful. (b) Urokinase-type plasminogen activator (uPA)-activated S:B ratios. Incorporation of a dark quencher in the AuNP probe synthesis reaction generated probes with a wider dynamic range, where non-Quasar 670 containing probes exhibited background levels of activation enhancement (*p < 0.05). A 5 to 6-fold signal enhancement over background was observed for the optimized probes (**p < 0.005). All bars represent mean ± s.d. for n = 3. In vivo circulation retention of AuNP probes as compared to the equivalent mole quantity of uncomplexed Quasar 670-labeled and BHQ2-labeled peptide substrates. (a) Quasar 670 fluorescence detected in serum at each time point was normalized to that measured at 1 min post-injection to arrive at the percentage of the initial administered dose for AuNP probe (■) and uncomplexed peptide (▲). The percentage of AuNP probe retained in the serum remained high during the first hour after injection with circulating half-life, t 1/2 > 4 h. More than 90% of the uncomplexed peptide was removed from serum in the first hour (*p < 0.001). (b) The explicit circulating doses of AuNP probe (■) and the equivalent amount of uncomplexed peptide (▲) were determined using Quasar 670 fluorescence. Serum levels of each species at t = 0 were estimated by spiking whole blood ex vivo with AuNP probe or uncomplexed peptide at the appropriate dilution corresponding to intravenous administration of 1.16 pmol of probe in a mouse with 2 mL of total blood volume. More than 99% of the uncomplexed peptide was eliminated from serum within the first minute after intravenous injection (*p < 0.001). Data represent mean ± s.d. for n = 5. In vivo near-infrared fluorescence imaging of subcutaneous tumor phantom models consisting of PuraMatrix peptide hydrogel mixed with (a) molar equivalents of uncomplexed Quasar 670-labeled and BHQ2-labeled peptide substrate with and without unlabeled AuNP to simulate the tumor milieu after substrate release from the AuNP probe surface, and (b) 50-2-5 AuNP probe with and without 250 U trypsin as compared to unlabeled AuNPs. Differences in the sizes of fluorescent regions between (a) and (b) reflect only optical artifacts produced by the diffuse nature of fluorescence image acquisition using the Xenogen system when capturing high signal intensity regions. The physical size of the subcutaneous phantom mass in (a) is much smaller than the projected fluorescent signal mapping. Each phantom mass represents the same total injected volume. 
